Asymmetric divisions that produce two distinct cells play a fundamental role in generating different cell types during development. Here we investigate the role of the cortex region and mitotic apparatus in asymmetrical localization and segregation of Bep4 protein in Paracentrotus lividus egg. By centrifugation of eggs with or without drugs we established an involvement of the cortex region in localization of Bep4 protein, con®rmed by immunohistochemistry of isolated cortex. Association with the mitotic apparatus during cell division permits selective partitioning of Bep4 protein into the daughter cells. Direct association with spindle was also demonstrated both by Western blot and immunohistochemestry after isolation of the mitotic apparatus. q
Introduction
The cytoskeleton is the dynamic network of intracellular proteins that permits maintenance of the architecture of the cell. The cytoskeleton is responsible for cell shape, motility, migration and polarity and for establishing intracellular contact. In addition, the cytoskeleton plays a fundamental role during cell division, forming the scaffold on which chromosomes are segregated and separated into daughter cells after mitosis. The basic structure of the cytoskeleton includes actin micro®laments, tubulin microtubules and a variety of intermediate ®laments. Each ®lament type is made up of polymers of proteins which are assembled and disassembled by the cell in a regulated fashion in relation to the cell's needs.
Another function mediated by the cytoskeleton is the distribution of mRNAs in particular regions of the cytoplasm of the cells. Indeed, several mRNAs have been found localized in the cell of different organisms and it is demonstrated that the cytoskeleton plays a role in both transport to and maintenance at speci®c sites within the cell. The actin mRNA was the ®rst localized transcript found in the ascidian embryo (Jeffery, 1989) . Thereafter, several maternal mRNAs were identi®ed both in Drosophila and in Xenopus localized during oognesis (Rebagliati et al., 1985; Melton, 1987; St. Johnston and Nusslein-Volhard, 1992) . More recently, asymmetrical distribution of mRNAs has been discovered in somatic cells (Lawrence and Singer, 1986; Cheng and Bjerknes, 1989; Sundell and Singer, 1991) . Thus the cytoskeleton provides a network to which individual mRNAs can be anchored.
Same evidence indicates that the association of RNA with the cytoskeleton requires speci®c localization factors. In particular, a signal present in the 3 H UTR of the mRNAs and one or more cytoplasmic factors that permit binding to microtubules and/or micro®laments are necessary (Ding and Lipshitz, 1993; Bashirullah et al., 1996) . Sequences acting as cis signals have been mapped, using deletion analysis, within the 3 H UTR of Vg1 mRNA in Xenopus and bicoid in Drosophila (Macdonald and Struhl, 1988; Macdonald et al., 1993; Macdonald and Kerr, 1998; Havin et al., 1998) .
The consequence of this localization may be synthesis of speci®c proteins that might be important for regulating cell fate, in their correct position in the cell. Thus in a cell such as the egg the cytoskeleton might guide axis formation.
In sea urchin three maternal mRNAs, called bep1, bep3 and bep4, have been found (Di Carlo et al., 1990; Montana et al., 1996) . They are localized at the animal half of the egg and in the ectodermal region of the pluteus, the last embryonal stage (Di Carlo et al., 1990 Montana et al., 1996) . These mRNAs codify for cell surface proteins that are involved in cell interaction and are relevant in the morphogenetic events of P. lividus embryo (Romancino et al., 1992; Di Carlo et al., 1996) . Bep proteins are also localized at the animal part of the unfertilized egg and after fertilization are present in the same territories of the corresponding RNAs (Romancino et al., 1998a) . Experiments utilizing microtubule and micro®lament inhibitors have shown that both bep mRNAs and proteins are associated with microtubules, whereas only the mRNAs are associated with micro®laments (Romancino et al., 1998b) . Moreover, it has been demonstrated that association with the cytoskeleton of bep mRNAs occurs through their 3 H UTRs and involves a protein of 54 kDa (Montana et al., 1997) .
In this paper we monitor the movement of Bep4 protein in the fertilized egg in relation to the dynamic changes in the cytoskeleton following fertilization until the moment of mitosis.
Results

Localization of Bep4 protein after centrifugation of P. lividus egg
Centrifugation has been a very useful method in sea urchin developmental research since the turn of the century. In a previous paper we demonstrated that centrifugation does not alter the spatial distribution of bep mRNAs, which remain anchored to the nucleated half, corresponding to the animal half (Costa et al., 1997) . The ability to remain immobile under a centrifugal force was attributed to association of these RNAs with cytoskeleton and possibly to the cortex.
We utilized the same technique to investigate whether the fate of the Bep4 protein does not change either during centrifugation and we have thus begun to investigate whether they are associated with the animal cortex of the egg.
P. lividus eggs were centrifuged in the discontinuous gradient and were separated into nucleated and anucleated fragments. Both fragments were separately ®xed for a whole mount immunohistochemestry experiment utilizing antiBep4 polyclonal antibodies. Fig. 1 shows that the Bep 4 protein was present only in the nucleated fragment, no staining being detected in the anucleated fragment or when preimmune serum was utilized as control. This datum indicates that centrifugation did not alter the normal distribution of the Bep4 protein in the egg, as instead occurs for the corresponding mRNA.
Effect of cytoskeleton inhibitors on presence of Bep4 protein in nucleate and anucleate fragments
Our previous results demonstrated that Bep proteins are associated with microtubules but not with micro®laments (Romancino et al., 1998b) . To investigate whether this association permits maintenance of these proteins in the nucleate part of Paracentrotus lividus eggs during centrifugation, we incubated the eggs with colchicine or cytochalasin B, which depolymerize microtubules and micro®laments respectively, before centrifugation. After this treatment we ®xed the fragments for whole mount immunohistochemistry, which was carried out utilizing anti-Bep4. Fig. 2 shows that colchicine treatment caused a release of Bep4 protein, which is present in both nucleated and anucleated fragments. A different effect was obtained when the eggs were incubated with cytochalasin B. By contrast, no detectable effect on localization was observed when the eggs were treated with micro®lament inhibitor and the proteins remained anchored in the nucleated fragment.
Association of Bep proteins with cortex
The experiment described above suggests that the immobility of Bep4 protein submitted to a centrifugal force is due to anchoring to the cortex, a centrifugally immovable component. In order to verify this hypothesis we decided to isolate the structure considered responsible for Bep4 protein localization. Fertilized eggs were lysed and ®xed to polylysine-coated slides to allow the separation of cortex from the¯uid cytoplasm. After cortex preparation we proceeded with an immunocytochemistry reaction with anti-a-tubulin and anti-Bep4 antibodies. Fig. 3 shows that the scaffolding of the cell is stained both with anti-a -tubulin and anti-Bep4, indicating that localization of Bep4 occurs through association with the cortex structure, which is consistent with the result of the centrifugation experiment.
Bep proteins move the mitotic apparatus together
Microtubules are a dynamic component of the cell. They are assembled and disassembled to form different structures depending on the cell cycle. We decided to examine whether the Bep4 protein, which is associated with microtubules when these are employed to form a structure such as the cortex, also maintains its association when the microtubules are required for the mitotic spindle formation during cell division. Thus we decided to investigate whether the reorganization of microtubules is correlated with the redistribution of the Bep4 protein. Fertilized eggs were ®xed 20, 30, 40 and 50 min before the ®rst cleavage, approximately between the metaphase and the telophase, and utilized for a whole mount immunohistochemistry reaction with antiBep4 or anti-a -tubulin antibodies. As shown in Fig. 4 , the Bep4 proteins are around the mitotic spindle and follow its movement until furrow formation, suggesting that the Bep4 proteins are distributed in the daughter cells with a mechanism involving the mitotic spindle.
Microtubule and mitotic apparatus preparations contain Bep proteins
Association of Bep4 proteins with microtubules and mitotic apparatus (MA) was con®rmed by their presence in a preparation that made it possible to isolate the cellular components that cosediment with microtubules or with the mitotic apparatus. Microtubules were prepared using three cycles of pH-and temperature-dependent assembly. Mitotic apparatus were isolated in the absence of detergent. Proteins isolated from these preparations were examined using SDS± PAGE (Fig. 5A ) together with total proteins isolated from eggs, as a control, and then transferred to nitrocellulose. The Western blot was incubated with antibodies against a -and b -tubulin and Bep4 protein simultaneously. An enrichment of the two bands corresponding to tubulin and Bep4 proteins was detected (Fig. 5B ) in both the microtubule and mitotic apparatus samples respect to the total extract. Moreover, these results were con®rmed when a quantitative analysis of the density of the bands obtained in microtubules and mitotic apparatus preparations of Bep4 and a 1 b-tubulin, with respect to the control, was carried out. The related data reported in the histogram shown in Fig. 5C , indicate that an enrichments of about 1.9 times in MA and about 3.4 times in microtubules of Bep4 protein respect to the control occurs.
Association of Bep4 protein with mitotic apparatus
To examine whether the Bep4 proteins are directly associated with the mitotic spindle, we isolated this apparatus by mechanical extrusion from fertilized eggs in the presence of detergents in order to avoid the presence of other cytoplasmic components. The slides were employed for an immunohistochemistry reaction utilizing both anti-a -tubulin and anti-Bep4. As shown in Fig. 6 , both Bep4 protein (Fig. 6A) and tubulin (Fig. 6B) are stained in the mitotic spindle preparation, demonstrating that Bep4 proteins maintain their association with the microtubules of the astral region.
Discussion
All the cytoskeletal system has been demonstrated to participate in localization of mRNAs and proteins in cells generating and maintaining cytoplasmic asymmetry. Here we demonstrate that localization of the Bep4 protein in the animal part of the fertilized egg occurs through association to the cortex. Subsequently, when the formation of the mitotic apparatus starts, Bep4 proteins follow the rearrangement of the microtubules. Thus the distribution of Bep4 protein seems to be correlated with the reorganization of the microtubules.
We have previously provided some evidences that the localization of Bep proteins at the animal pole of the fertilized egg occurs through anchoring to the cortical cytoskeleton, in agreement with the classical embryologists, who ascribed special morphogenetic properties to the cortex (Morgan and Lyon, 1907; Czihak, 1975) . To demonstrate this point we utilized two kind of centrifugation techniques and immunohistochemistry of the eggs. The Bep4 protein remains in its position under a centrifugal force, indicating that this immovability is due to association with the cortex, which is an immobile component of the cell. After splitting of the egg, the Bep4 protein is only present in the nucleated half, which, as previously demonstrated coincides, with the animal half . After treatment with drugs that destroy the cytoskeleton network we only found a release of the Bep4 protein after colchicine incubation, no effect being detected after cytochalasin B incubation. Thus the Bep4 protein is only associated with microtubules. Moreover, immobilization of cortex on slides and subsequent incubation with speci®c antibodies clearly shows that the Bep4 protein is in some way trapped in this network. Furthermore, as concerns the presence of the corresponding mRNA in this region, we cannot rule out the possibility that the staining observed is due to the presence of the nascent polypeptide chain. It is possible that in the cortex network there is compartmentalization of the Bep4 protein synthesis apparatus: polysomes, endoplasmic reticulum and/or yolk containing the ®nal product of the translation. Moreover, we cannot rule out the possibility that other localized proteins are trapped in the cortex net. The presence of messenger RNAs bound to microtubules has been demonstrated in the sea urchin (Suprenant et al., 1989; Hamill et al., 1994) and endoplasmic reticulum associated with the cytoskeleton and polysomes have been found in other systems (Hesketh and Pryme, 1988; Hesketh, 1996) . Thus the cortex might be a net able to receive a translational apparatus for speci®c RNAs and proteins and it is possible that for this association some factors are necessary. Binding proteins able to bind both 3 H UTRs and cytoskeleton elements have been demonstrated to be present. A 69 kDa protein, called Vg1RBP (RNA-binding-protein), has been demonstrated to be necessary for association with the cortex of Vg1, a vegetal localized messenger RNA in Xenopus oocytes (Schwartz et al., 1992) . This association occurs by recognition of a localization element in the 3 H UTR of Vg1 mRNA (VgLE) (Havin et al., 1998) . The VgLE is bound speci®cally by the Vera protein, an endoplasmic reticulum (ER)-associated protein present in oocyte extract (Deshler et al., 1997) . A protein of 54 kDa, called LP54, has been demonstrated to bind the 3 H UTR of bep mRNAs to microtubules in Paracentrotus lividus egg and it has been found that it is associated with the cytoskeleton-bound polysomes (Montana et al., 1997) . Moreover, it has been demonstrated that the composition of proteins associated with cytoskeleton changes during sea urchin early embryogenesis, suggesting that this different association might be a mechanism which regulates the nonrandom distribution of different mRNAs during early development (Moon et al., 1983) .
By means of whole mount immunohistochemistry we show that the Bep4 protein moves the mitotic apparatus together until formation of the daughter cells. Direct association is demonstrated by enrichment of Bep4 in protein extracted from microtubules and the mitotic apparatus and con®rmed by staining of Bep 4 in isolated mitotic spindle. From these data we might speculate that tubulin, when it is reassembled to form the mitotic spindle, carries the components associated with it in the cortex into the new apparatus. Clearly an in-depth study will be necessary in order to con®rm this hypothesis. Moreover, we cannot rule out the possibility that the Bep4 protein is not directly associated with the microtubules but with other structures, considering that the composition of the mitotic apparatus is more complex than expected. A non-tubulin spindle matrix containing protein such us tektin has been found in isolated spindle of clams and sea urchins (Steffen and Linck, 1992) . Therefore the mitotic apparatus is not only a piece of molecular machinery responsible for chromosome movement during mitosis, but seems to effect the redistribution of molecular components to daughter cells, making it possible to maintain cell polarity. We do not know if this mechanism is employed only for morphogens of the animal part of the egg. Thus a different mechanism, such as simple diffusion, might exist for molecules that are localized in other cytoplasmic compartments or in the vegetal part of the egg (Wilhelm and Vale, 1993) . Isolation of vegetal localized RNAs or proteins will allow us to clarify this point. However, in Drosophila during mitosis a complex of PROS-PERO mRNA plus prospero, staufen and miranda proteins forms on the apical side of the sensory organ precursor cells and is translocated to the ganglion mother cells (Broadus et al., 1998) . Two other proteins, Inscuteable and Numb, are also localized asymmetrically during mitosis (Knoblich et al., 1995) . Inscuteable is necessary for orienting the spindle and binding to the C-terminus of staufen (Li et al., 1997) . Moreover, this mechanism probably needs particular motor proteins such as dynein or kinesin complexed to morphogenetic molecules. By electron microscopy studies dynein in crossbridge structures between adjacent spindle microtubules has been demonstrated to be present in sea urchin egg (Hirokawa et al., 1985) .
Observations by classical sea urchin embryologists suggested that during the cell division of the egg the aster causes a tension able to cause furrow formation and then cleavage into two cells. The data shown in this paper suggest that several cytoplasmic components, moving from other compartments of the cell, are attached to the mitotic apparatus at the moment of cleavage. We might speculate that the concentration of this mass in the equator- ial zone pushes against the opposite cellular wall, producing mechanical division of the cell.
Finally, we may speculate that transport of molecules by the mitotic spindle might be a general mechanism of the eukaryotic cells used to execute the axis determination program during development.
Experimental procedures
Egg centrifugation
Paracentrotus lividus eggs were loaded onto a two-layer discontinuous sucrose gradient. The sucrose gradient was carried out with the following solutions: at the bottom 1M sucrose in ®ltered Millipore sea water (sw) collected from the Mediterranean sea and at the top 0.5 M sucrose in sw. The eggs were centrifuged in a SW28 rotor at 16 000 rev./min for 15 min at 48C. After centrifugation, the light nucleated fragments were found in the upper layer and the heavy anucleated fragments in the lower layer. The fragments were collected and rinsed twice with sw.
In the experiment in which microtubule or micro®lament inhibitors were employed, the eggs were incubate for 1 h in sw containing 1 mg/ml colchicine or 25 mg/ml cytochalasin B, and then centrifuged.
Whole mount immunohistochemistry of Bep4
Anucleated and nucleated fragment of egg and eggs collected at different times after fertilization before the ®rst cleavage were ®xed in methanol and immunohistochemistry was carried out in accordance with Romancino et al., 1998a,b) . For the immunoreaction we utilized antiBep4 (Romancino et al., 1992) or anti-a -tubulin (T-5168, SIGMA) as primary antibodies diluted 1:500 overnight at 48C and anti-rabbit HRP (Sigma) as secondary antibodies diluted 1:250 for Bep4 detection, or with anti-mouse APconjugate (Sigma) diluted 1:250 for anti-a -tubulin detection, for 1 h at room temperature. The samples incubated with anti-Bep4 were stained with diamminobenzidine (DAB) buffer (10 ml of 50 mM Tris (pH 6.8), 5 mg DAB, 10 ml 30% H 2 O 2 ) for 10 min. The samples incubated with anti-a -tubulin were stained in 1 ml of 100 mM NaCl, 100 mM Tris (pH 9.5), 500 mM MgCl 2 , 0.1% Tween-20, with 6.75 ml of NBT (75 mg/ml nitroblue tetrazolium) and 3.5 ml BCIP (50 mg/ml 5-bromo-4-chloro-3-inodyl phosphate) for 10 min. Finally the samples were resuspended in 80% glycerol in PBS for microscopic inspection and photographic recording.
Preparation of microtubule proteins
Microtubule proteins were isolated by means of three cycles of pH-and temperature-dependent assembly from sea urchin fertilized eggs, essentially as described by Suprenant et al. (1989) . Demembranated eggs were homogenized in an equal volume of ice-cold lysis buffer containing 100 mM PIPES (pH 7.2), 4 mM EGTA, 1 mM MgSO 4 , 1 mM GTP, 1 mM DTT, 0.2 mM PMSF and 10 mg/ml leupeptin. Homogenates were centrifuged at 18 000 rev./min for 45 min at 48C. Microtubules were polymerized in the supernatant fraction¯uids by raising the temperature of the extract to 248C for 30 min after the addition of 8% DMSO (f.c.) in the presence of 1 mM GTP. Microtubule pellets obtained by centrifugation (18 000 rev./min, 30 min, 248C) were depolymerized in an ice-cold microtubule-assembly buffer at pH 6.9, 100 mM PIPES (pH 7.2), 4 mM EGTA, 1 mM MgSO 4 , 1 mM GTP, 1 mM DTT, 0.2 mM PMSF and 3 mg/ml leupeptin, and centrifuged again at 18 000 rev./min for 30 min at 48C. The cold-labile microtubule protein in the supernatant¯uids was assembled and disassembled again to obtain a second cold supernatant of soluble microtubule protein which was dissolved in a 2£ sample buffer. The Western blot of the puri®ed microtubule proteins was incubated with anti-Bep4, anti-a -and b -tubulin (Sigma).
Isolation of the cortex of the egg
Paracentrotus lividus dejellied eggs (Romancino et al., 1992) were attached as a monolayer to polylysine-coated slides (Sigma). Unattached eggs were washed away with sw. The slides were washed twice in calcium-free sw with 5 mM EGTA and twice with the shearing buffer (0.35 M glycine, 0.3 M KCl, 5 mM EGTA, 5 mM MgCl 2 , pH 7.0). The top of the egg was sheared off by gently pipetting the solution over the attached eggs. To extract the remaining cytoplasm the slides were incubated in extraction buffer (25% glycerol, 25 mM HEPES, 0.5 mM MgCl 2, 25 mM PMSF, 10% methanol, 1% Triton X-100, pH 6.9) for 20 min. The isolated egg surface was ®xed with 100% methanol at 08C for 20 min and processed for immunohistochemistry. After rehydrating by placing the slides in 0.01 M PBS, 0.1% Triton X-100 (PBST) for 30 min the samples were incubated with anti-Bep4 or anti-a -tubulin diluted 1:200 as primary antibodies at 378C for 60 min. The ®rst antibody was removed by rinsing the slides with PBST three times for 10 min and then was incubated with the proper secondary antibody diluted 1:250 at 378C for 60 min. After washing in PBST three times for 10 min the samples were stained as described above and examined under microscope.
Isolation of mitotic apparatus
The mitotic apparatus (MA) was isolated using fertilized Paracentrotus lividus eggs in accordance with Rebhun and Palazzo (1988) . Brie¯y, demembranated eggs were washed three times in calcium-free sw and maintained in suspension by gentle stirring until formation of the mitotic apparatus. When a majority of the eggs contained MA the eggs were pelleted at 600 £ g for 30 s and resuspended in a 19:1 mixture of 0.53 M NaCl to 0.53 M KCl, and immediately centrifuged a second time. The pellet was then resuspended in 10 volumes of isolation buffer (20 mM MES, 1 mM EGTA, 1 mM MgCl 2 , 10% glycerol, 0.5% NP-40 at pH 6.5). The MAs were centrifuged at 600 £ g for 4 min. The supernatant was discarded, and the pellet of MAs was resuspended in 50±100 volumes of the isolation buffer without NP-40 and centrifuged a second time. The ®nal pellet was resuspended in an equal volume of the wash buffer and used for immunohistochemistry or Western blot.
SDS±PAGE and Western blotting
Proteins obtained from different preparations were analyzed on SDS±PAGE in accordance with Laemmli's method. For Western blot analysis, unstained gels were transferred to a nitrocellulose membrane and processed as previously described (Romancino et al., 1992) . Quantitative analysis was carried out utilizing a BioRad imaging densitometer (GS-670).
